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The Escherichia coli inner membrane protein (IMP) YidC is involved in the membrane integration of IMPs both in concert with and independently from the Sec translocase. YidC seems to be dispensable for the assembly of Sec-dependent IMPs, and so far it has been shown to be essential only for the proper Sec-independent integration of some phage coat proteins. Here, we studied the physiological consequences of YidC depletion in an effort to understand the essential function of YidC. The loss of YidC rapidly and specifically induced the Psp stress response, which is accompanied by a reduction of the proton-motive force. This reduction is due to defects in the functional assembly of cytochrome o oxidase and the F1Fo ATPase complex, which is reminiscent of the effects of mutations in the yidC homologue OXA1 in the yeast mitochondrial inner membrane. The integration of CyoA (subunit II of the cytochrome o oxidase) and Foc (membrane subunit of the F1Fo ATPase) appeared exceptionally sensitive to depletion of YidC, suggesting that these IMPs are natural substrates of a membrane integration and assembly pathway in which YidC plays an exclusive or at least a pivotal role. I ntegration of inner membrane proteins (IMPs) in Escherichia coli can occur by various mechanisms. The majority of IMPs are targeted in a cotranslational manner to the Sec translocase in the inner membrane by the signal recognition particle and its receptor FtsY (reviewed in ref. 1) . The Sec translocase consists of the core channel components SecY, SecE, and SecG, which constitute a heterotrimer, and the peripheral motor protein SecA. In addition, SecD, SecF, and YajC form an accessory complex that is loosely associated with the core translocase and facilitates the translocation process (reviewed in ref. 2) . Recently, YidC was identified as a factor that specifically interacts with transmembrane segments (TMs) of nascent IMPs during membrane integration (3) and that is associated with the Sec-DFYajC subcomplex (4) .
In contrast to the Sec-dependent IMPs, some small phage coat proteins, such as M13 procoat and Pf3 coat protein, were reported to insert spontaneously into the membrane, i.e., independent of the Sec translocase and the signal recognition particle targeting pathway (5, 6) . Recently, this concept of unassisted integration was challenged by the observed requirement of YidC in Sec-independent IMP integration (7, 8) .
YidC is an essential polytopic IMP homologous to the mitochondrial IMP Oxa1p and thylakoid membrane protein Alb3. Both Oxa1p and Alb3 have been implicated in membrane protein insertion and are essential for correct organelle function (reviewed in refs. 9 and 12). Oxa1p is needed for the proper insertion of a subset of mitochondrially encoded IMPs, such as subunits of cytochrome c oxidase and F 1 F o ATPase (10) (11) (12) . Because mitochondria do not possess a signal recognition particle-like targeting pathway or a Sec-like translocase, it has been suggested that Oxa1p functions in a fashion similar to YidC in the Sec-independent route in E. coli (9, 12) .
The exact role of YidC in the membrane integration of IMPs has not yet been defined, but it seems to be complex. YidC has been shown to interact specifically with the TMs of Secdependent IMPs such as FtsQ, leader peptidase (Lep), mannitol permease, and YidC itself at various stages in the membrane integration process (3, (13) (14) (15) (16) (17) (18) . This suggests a role in the lateral movement of TMs from the Sec translocase into the lipid bilayer. In addition, YidC might function in the initial recognition and reception of TMs, as it contacts the TM of Lep very early in biogenesis even before it is fully exposed outside the ribosome (16) . Even though all tested Sec-dependent IMPs interact with YidC during membrane insertion, YidC depletion only mildly affects the assembly of Sec-dependent IMPs (7, 13) . In contrast, assembly of Sec-independent IMPs is severely impaired upon YidC depletion (7) . M13 procoat seems to be able to target and bind to the inner membrane independently of YidC, but it then requires YidC to translocate its periplasmic domain across the membrane, whereupon it attains its correct topology (8) .
Because YidC seems to be dispensable for assembly of Secdependent IMPs and because known Sec-independent proteins that require YidC for proper integration are phage coat proteins, the question arises of why YidC is essential for cell viability. To identify E. coli IMPs that require YidC for proper membrane biogenesis, we analyzed the physiological consequences of YidC depletion. We observed that depletion of YidC results in a rapid and massive expression of PspA. PspA is a stress protein that responds to a variety of membrane-damaging treatments that ultimately result in a dissipation of the proton-motive force (PMF) (reviewed in ref. 19 ). Here, we show that the PMF is strongly reduced upon depletion of YidC and that this relates to decreased activity and defects in assembly of both cytochrome o oxidase and F 1 F o ATPase.
Materials and Methods
Materials. E. coli phospholipids were from Avanti Polar Lipids, spectinomycin sulfate was purchased from ICN, 9-amino-6chloro-2-methoxyacridine (ACMA) was obtained from Molecular Probes, and tetraphenylphosphonium (TPP ϩ ) chloride was from Merck. All other chemicals were purchased from Sigma. YidC polyclonal antiserum was raised in rabbit against purified hisYidC (14) by AgriSera (Vännäs, Sweden). Polyclonal antisera against SecD, SecF, and SecE were raised in rabbits against the synthetic peptides IKEELSNGRTVQQAIDEGYRC (SecD), MAQEYTVEQLNHGRKC (SecF), and KGKATVA-FAREARTEVRK (SecE), by AgriSera. Antiserum against SecY has been described (20). Antisera against PspA, SecA, DnaK, and DegP were kind gifts from J. Tommassen (University of Utrecht, Utrecht, The Netherlands), W. Wickner (Dartmouth Medical School, Hanover, NH), P. Geneveaux (University of This paper was submitted directly (Track II) to the PNAS office.
Abbreviations: IMP, inner membrane protein; TM, transmembrane segment; PMF, protonmotive force; ACMA, 9-amino-6-chloro-2-methoxyacridine; TPP ϩ , tetraphenylphosphonium; IMV, inverted inner membrane vesicle; DCIP, 2,6-dichlorindophenol.
Geneva, Geneva), and J. Beckwith (Harvard Medical School, Boston), respectively. Antisera against the F o b and F o c subunits of the F 1 F o ATPase were a generous gift from G. Deckers-Hebestreit (University of Osnabrück, Osnabrück, Germany), and antiserum against cytochrome o oxidase was kindly provided by B. Gennis and B. Barquera (University of Illinois, Urbana).
YidC Depletion and Isolation of Inner Membrane
Vesicles. E. coli strain JS7131 (7) , in which yidC is under the control of the araBAD operator͞promoter, was grown overnight at 37°C in LB medium supplemented with 0.2% L-arabinose. Cells were harvested, washed with warm LB, diluted to an OD 660 of 0.05, and further grown with 0.1% glucose to deplete YidC or with 0.1% L-arabinose to generate nondepleted control cells. The cultures were grown in volumes of 0.5 liter in 2-liter baffled flasks. At indicated time points, cells were harvested for Western blot analysis, PMF measurements, or the isolation of inverted inner membrane vesicles (IMVs) (21) . For IMV isolation, 500 OD 660 units were harvested of cultures grown in volumes of 1 liter in 2-liter baffled flasks. The harvested cultures had an OD 660 of Ϸ0.15-0.2 after 1.5 h, Ϸ0.3-0.4 after 2.5 h, Ϸ0.4-0.5 for cultures grown on glucose for 3.5 h, and Ϸ0.8-0.9 for cultures grown on arabinose for 3.5 h. PMF Measurements. The transmembrane electrical potential (⌬)dependent uptake of TPP ϩ by intact cells was measured by using a homemade ion-selective electrode. JS7131 cells were permeabilized with 2 mM K-EDTA and 120 mM Tris, pH 8.0, at 0.1 g wet weight per ml for 5 min at 37°C (22) . The cells were subsequently washed and resuspended in a buffer of 50 mM potassium phosphate, pH 8.0, containing 5 mM MgSO 4 and 50 g͞ml chloramphenicol at 15 mg͞ml protein. To ensure that the ⌬ was the only component of the PMF, 1 M nigericin was added, and the cells were stored on ice. Uptake of TPP ϩ was monitored with the electrode by using 1 mg͞ml protein of cells at 25°C in the presence of 500 nM TPP ϩ .
The transmembrane pH gradient (⌬pH) in IMVs was monitored by using the pH-sensitive fluorescent dye ACMA (23) . Reaction mixtures at 30°C contained 12.5 g͞ml IMVs and 4 M ACMA in 50 mM Hepes-KOH, pH 8.0͞50 mM KCl͞2 mM MgCl 2 ͞1 mM DTT͞0.2 mg/ml BSA (buffer A). Reactions were started by the addition of 1.25 mM NADH or 1 mM ATP, and ACMA fluorescence was measured in a Perkin-Elmer LS50B luminescence spectrophotometer at excitation and emission wavelengths of 409 and 474 nm, respectively. Enzymatic Assays. ATPase activity of IMVs was measured at 37°C as described (24) by using malachite green. NADH consumption was determined at 25°C with 10 g͞ml IMVs in buffer A. Reactions were started by the addition of 200 M NADH and monitored photometrically at 340 nm by using a Cary-Varian spectrophotometer. Activities were calculated by using a molar extinction coefficient NADH of 6.3 ϫ 10 3 liter⅐mol Ϫ1 ⅐cm Ϫ1 .
NADH dehydrogenase activity was determined at 25°C by using 25 g͞ml IMVs and 50 M of the electron acceptor 2,6-dichloroindophenol (DCIP) in buffer A containing 1% (wt͞vol) Triton X-100. Reactions were initiated by the addition of 400 M NADH. DCIP reduction was monitored photometrically at 600 nm. Activities were calculated by using a molar extinction coefficient DCIP of 1.5 ϫ 10 4 liter⅐mol Ϫ1 ⅐cm Ϫ1 .
Cytochrome o oxidase activity was measured with an oxygen electrode (Yellow Springs Instruments) at 25°C (25) . Reaction mixtures contained 100 mM potassium phosphate at pH 6.6, 5 mM MgCl 2 , 0.2 mg͞ml E. coli phospholipids, 1.25% (wt͞vol) octyl glucoside, 100 g͞ml IMVs, and 2.5 mM potassium ascorbate. Reactions were started by adding 10 M of the artificial electron donor phenazine methosulfate (PMS). Spectral Analysis. Cytochrome absorption spectra of IMVs were determined by using a Cary-Varian spectrophotometer. Dithionite-reduced and air-oxidized absorption spectra of IMVs were recorded at 25°C with 0.5 mg͞ml IMVs in 10 mM Hepes-KOH, pH 7.5.
Results

Depletion of YidC Induces a Strong and Specific PspA Stress Response.
To study why YidC is essential for cell viability, we analyzed the physiological consequences of YidC depletion. First, the effect of YidC depletion on the protein composition of the inner membrane was examined. IMVs were purified from strain JS7131, in which YidC expression is under control of the araBAD operator͞promoter (7) . Cells were grown for 3.5 h in the presence of 0.1% arabinose (control cells, WT) or glucose (YidC-depleted cells), and used for the isolation of IMVs. As shown by immunoblotting, the amount of YidC in the IMVs decreased to an undetectable level when cells were grown under depleting conditions ( Fig. 1B Upper) . Analysis of the IMVs by SDS͞PAGE and Coomassie brilliant blue staining revealed no dramatic changes in the overall protein profile except for the appearance of a protein of Ϸ25 kDa in the YidC-depleted IMVs ( Fig. 1 A) . This protein was identified by immunoblotting as phage shock protein A (PspA; Fig. 1B Lower) , a peripheral IMP with a predicted molecular mass of 25.6 kDa (reviewed in ref. 19) . Because PspA has been characterized as a stress protein that is induced under conditions that affect the integrity of the inner membrane, we examined the PspA levels at various time points during YidC depletion to determine whether PspA induction is an early effect of YidC depletion or perhaps a late effect attributable to accumulative membrane damage. Cells were harvested after 1.5, 2.5, 3.5, and 5 h of depletion, and whole cell samples were analyzed by immunoblotting to determine the YidC and PspA content (Fig. 1C) . YidC was still detectable after 1.5 h of depletion, but its signal decreased over time. PspA became well detectable after 2.5 h, when YidC was barely detectable. This observation indicates that PspA expression responds promptly to YidC depletion before significant effects on growth and cell morphology are observed (data not shown).
Next, we analyzed whether the response is specific for PspA or part of a more general stress response. Cellular levels of three stress-related proteins were examined by immunoblotting: the cytosolic chaperone DnaK, the translocase component SecA, and the periplasmic chaperone͞protease DegP. DnaK is a heat shock protein (26) , SecA expression is induced upon secretion stress (27) , and DegP expression responds to cell envelope stress (28) . The levels of DnaK, DegP, and SecA did not change significantly upon YidC depletion (Fig. 1C) . Taken together, the results indicate that YidC depletion results in a rapid, strong, and specific increase in the expression of PspA.
Among the stimuli that induce the PspA response are conditional mutations in secD, secF, and secA (29) and depletion of SecE (E. N. G. Houben and J.L., unpublished observation). Because part of YidC is physically associated with the Sec translocase (3, 4) , we investigated whether YidC depletion influences the composition of the Sec translocase, which might indirectly stimulate PspA expression. IMVs derived from YidCdepleted and control cells were analyzed by immunoblotting to monitor the levels of the various translocase subunits (Fig. 1D) . The levels of SecY, SecE, SecD, and SecF were hardly affected at 2.5 h when the PspA response became detectable. After prolonged depletion of YidC, the levels of SecE, SecD, and SecF did decrease slightly. These data strongly suggest that the induction of the PspA response is not caused by reduced levels of translocon components.
Depletion of YidC Affects the PMF. The primary signal for the PspA response is considered to be a reduction of the PMF (19) . PspA expression responds to uncoupling agents (19) , and a pspA mutant strain was shown to be affected in maintenance of the PMF under PspA-inducing stress conditions (30) . Therefore, it was of interest to investigate the effect of YidC depletion on the PMF. For this purpose, ⌬ was measured in intact cells by using a TPP ϩ -selective electrode. Measurements were performed in the presence of nigericin (a K ϩ ͞H ϩ antiporter) and potassium to ensure that ⌬ is the only component of the PMF. Cells were depleted for YidC for 1.5, 2.5, and 3.5 h, and the outer membrane was permeabilized with EDTA. After 1.5 h of growth, control and YidC-depleted cells show a similar, low uptake of TPP ϩ ( Fig. 2A ). After 2.5 and 3.5 h of growth, cells grown in the presence of arabinose (WT) showed an increased TPP ϩ uptake as compared with the YidC-depleted cells, indicating that the PMF in the control cells is higher than in the YidC-depleted cells (Fig. 2 A) . The reduction of the PMF in YidC-depleted cells coincides with the elevated PspA expression at 2.5 h (Fig. 1C) .
Cells that are depleted for YidC are grown in the presence of glucose instead of arabinose. Addition of glucose to aerobically grown cells has been shown to alter the expression of certain proteins involved in respiration, such as succinate dehydrogenase (31) . To exclude the possibility that the diminished PMF in YidC-depleted cells is due to an effect of glucose on the expression of respiratory chain components rather than a direct consequence of the loss of YidC, the TPP ϩ uptake measurements were repeated with JS7131 grown for 3.5 h in the absence of sugars and in the presence of glucose or arabinose. The TPP ϩ uptake of cells grown in the absence of sugars is reduced compared with growth on arabinose, but not as dramatically as in YidC-depleted cells grown on glucose (Fig. 2B ). Cells grown in the absence of sugars are depleted for YidC and show enhanced levels of PspA (Fig. 2C) , albeit less pronounced than cells grown in the presence of glucose. In conclusion, the PspA response and concomitantly the reduction of the PMF seem to be directly related to the reduced levels of YidC present in YidC-depleted JS7131.
Depletion of YidC Interferes with the Membrane Assembly of Energy-
Transducing Enzymes. To examine the effects of YidC depletion on the PMF in more detail, we compared IMVs purified from control and YidC-depleted cells with respect to their ability to generate a PMF in vitro. IMVs were energized with either ATP or NADH, and the generation of a PMF was monitored with the pH-sensitive fluorescent dye ACMA. To ensure that the ⌬pH is the only component of the PMF, the generated ⌬ was converted to a ⌬pH by the addition of valinomycin (a K ϩ ionophore) in the presence of K ϩ ions. Upon depletion of YidC, a clear defect in PMF generation with either ATP or NADH was observed, which progressed during depletion (Fig. 3) . These results are consistent with the in vivo measurements and demonstrate that YidCdepleted IMVs have a reduced capacity to generate a PMF.
The effect of YidC depletion on the PMF could be caused by an increased proton permeability of the membrane but, alternatively, could be caused by reduced levels of energy-transducing enzymes, such as F 1 F o ATPase and respiratory chain components. Therefore, control and YidC-depleted IMVs were tested for their total ATPase activity. In WT IMVs, 95% of this activity can be attributed to F 1 F o ATPase (M.v.d.L., unpublished data). The ATPase activity of YidC-depleted IMVs gradually decreased as compared with the control, resulting in a residual activity of only 26% after 3.5 h (Fig. 4A ). This decrease correlated with a drastically reduced amount of the small, ring-forming F o c subunit of F 1 F o ATPase in the membrane as detected by immunoblotting (Fig. 4B) . The total amount of the F o b subunit was unchanged, but this subunit seemed more susceptible to proteolytic degradation, because an additional lower molecular weight F o b fragment was observed in the YidC-depleted IMVs (Fig. 4B ). Depletion of SecDFYajC, which associates with YidC (4), had no effect on the F o c and F o b levels (data not shown).
As described above, YidC depletion also affected PMF generation with NADH. Therefore, we measured the NADH consumption of YidC-depleted and control IMVs as a measure of the total respiratory activity. NADH oxidation activity of YidCdepleted IMVs was Ϸ32% compared with control IMVs after 3.5 h of depletion (Fig. 5A ). This result suggests that YidC depletion also causes a defect in the respiratory electron transport chain. In these experiments, electron transport from NADH to oxygen is measured. This process involves two multisubunit membrane protein complexes, i.e., NADH dehydrogenase and cytochrome o oxidase, that are connected by the small electron carrier ubiquinol. To further specify the defect, activities of NADH dehydrogenase and cytochrome o oxidase were measured separately. For this purpose, the NADH dehydrogenase activity of detergent-solubilized IMVs was measured through the NADH-dependent reduction of the artificial electron acceptor DCIP. Remarkably, this activity was hardly affected by the YidC depletion ( Fig. 5B ), suggesting the presence of a functional NADH dehydrogenase complex. On the other hand, measurements of the cytochrome o oxidase activity by using the artificial electron donor phenazine methosulfate revealed a strong reduction upon YidC depletion (Fig. 5C ). Reduced versus oxidized absorption spectra of the IMVs demonstrate that the loss of cytochrome o oxidase activity correlates with a reduced amount of the cofactors cytochrome o and cytochrome b 562 (Fig. 6 ), which are bound to the CyoB subunit (subunit I). As shown by immunoblotting, the amount of the ubiquinol-binding subunit CyoA (subunit II) is also decreased upon depletion of YidC (Fig.  6 Inset) . Strikingly, the reduction of cytochrome o oxidase activity quantitatively resembles the effect of YidC depletion on NADH consumption, indicating that the reduced electron transport activity is mainly caused by a defect in cytochrome o oxidase assembly. Taken together, these results show that depletion of YidC has a dramatic effect on the functional assembly of F 1 F o ATPase and cytochrome o oxidase, which are the major energytransducing membrane protein complexes in E. coli grown under aerobic conditions.
Discussion
YidC is involved in the biogenesis of IMPs in E. coli. The precise function(s) and the essential nature of YidC, however, have remained elusive. In the present study, we show that depletion of YidC rapidly and specifically induces the expression of PspA, a stress response that was previously suggested to be triggered by a dissipation of the PMF (19) . Consistently, YidC depletion was shown to affect the PMF, which could be attributed to an early and drastic effect on the functional assembly of cytochrome o oxidase and F 1 F o ATPase complexes.
The induction of PspA expression upon depletion of YidC proved to be a reliable indicator of a reduced PMF in line with previous suggestions that PspA senses membrane damage and͞or a reduction of the PMF (19, 30) . Both in vivo and in vitro measurements demonstrated a decrease in the PMF that coincides with PspA induction. Under aerobic conditions, the PMF is generated mainly by the respiratory chain membrane protein complexes NADH dehydrogenase and cytochrome o oxidase (32) . The overall respiratory activity is reflected by the NADH oxidation rate of IMVs, which is drastically reduced in YidCdepleted IMVs. When the functional link between NADH dehydrogenase and cytochrome o oxidase is interrupted by solubilization of the membrane and the addition of an artificial electron acceptor or acceptor, the activities of both enzyme complexes can be determined separately. Depletion of YidC leads to a strong reduction of cytochrome o oxidase activity, whereas the NADH dehydrogenase activity is hardly affected. However, if cytochrome o oxidase activity is lowered, electron transfer will be reduced as well, resulting in reduced NADH oxidation by NADH dehydrogenase. Examination of the content of YidC-depleted inner membranes revealed a reduction in the levels of subunit II (CyoA) of cytochrome o oxidase and of the subunit I (CyoB)-associated cytochromes o and b 562 . Interestingly, cytochrome o oxidase is homologous to the cytochrome c oxidase in mitochondria, which depends on the YidC homologue Oxa1p for proper insertion and assembly of its various constituents (11, 12) . Oxa1p facilitates the insertion of a variety of mitochondrially encoded proteins, but of all of the substrates tested, the CyoA homologue, Cox2p, displays the strictest dependency on Oxa1p for membrane insertion (11) .
Saccharomyces cerevisiae mutated in OXA1 shows respiratory defects not only because of a reduced assembly of the terminal oxidase but also because the F 1 F o ATPase seems to be compromised (12) . Likewise, we observed that in YidC-depleted inner membranes, the ATPase activity was severely reduced. In E. coli, the proton-conducting domain, F o , consists of three subunits (a-c) (reviewed in ref. 33) . Depletion of YidC leads to a strong reduction of the amount of the F o c subunit in IMVs, whereas the F o b subunit is normally inserted but seems to be subject to degradation. This degradation of F o b might be caused by the reduction of F o c levels, leaving unassembled F o b. The F o c is a small IMP with two TMs, which assembles into a ring structure comprising 10 subunits (34) . Purified F o c subunits self-assemble into a ring-like complex when present in detergent solution (35) . However, membrane insertion and assembly of the functional F o subcomplex in vivo could be more complicated and require assistance, for instance, to ensure the proper timing of subsequent assembly events. YidC could be involved in the insertion of F o components, assembly of the F o subcomplex, or both. In support of a combined function of YidC, Oxa1p seems to be involved in both insertion and assembly of the F 1 F o ATPase. In the mitochondria of an OXA1 deletion strain, the amounts of several F o sector subunits were dramatically reduced; subunit c (Atp9) was decreased by Ϸ40%. Interestingly, it was shown that when the intermembrane space AAA protease YME1 was deleted in combination with OXA1, F 1 F o ATPase subunits were properly localized even in the absence of Oxa1p, and 80% of the oligomycin-sensitive ATPase activity could be restored (10) . Therefore, it seems that in mitochondria Oxa1p assists and protects the assembling ATPase from proteases without being absolutely required for membrane insertion of the F o subunits.
Irrespective of the precise molecular mechanism, the involvement of the YidC͞Oxa1p protein family in the biogenesis of energy-transducing membrane protein complexes seems to be evolutionarily conserved, as already suggested by Dujardin and coworkers (36) . A reduced integration͞assembly of the terminal oxidase is mostly likely the primary cause of the loss of PMF upon depletion of YidC in vivo. At present, we cannot exclude that other effects of YidC depletion injure the integrity of the inner membrane and hence cause a dissipation of the PMF. However, because the translocation of presecretory proteins is only marginally sensitive to YidC depletion (7) and the levels of key Sec components are not reduced upon YidC depletion, a jammed or otherwise compromised Sec translocase seems an unlikely explanation for the observed effects.
It has been shown before that the PMF influences the membrane integration and assembly of a variety of membrane proteins. The PMF stimulates the insertion and translocation of periplasmic domains of membrane proteins (37, 38) , the oligomerization of protomers into complexes (39) , and the transmembrane topology of membrane proteins (40) . In this respect, the relatively mild effects of YidC depletion on the integration of the Sec-dependent IMPs Lep and FtsQ could be due to the reduced PMF rather than the lack of YidC (7, 13) . Also, the putative YidC substrate M13 procoat was shown to require a PMF for proper membrane integration (38) . However, it seems unlikely that the M13 procoat insertion defect under YidCdepleting conditions is caused solely by PMF reduction, because the insertion of a mutated, PMF-independent M13 procoat was also shown to be impaired upon depletion of YidC (8), although the effect was less pronounced.
Our study identifies two E. coli IMPs that strongly depend on YidC for proper biogenesis: CyoA and F o c. These proteins have in common that they are rather small integral membrane proteins with two closely spaced TMs. They both participate in multisubunit oligomeric complexes. These could be natural substrates of the YidC-dependent membrane protein insertion pathway in E. coli that is also used by certain phage coat proteins. Future experiments should focus on the mechanism of integration and assembly of CyoA and F o c.
